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JeÂ roÃ me Wuarin and Paul Nurse replication. Thus the control acting over S-phase onset
Imperial Cancer Research Fund can be considered in two steps. The first, associated
Cell Cycle Laboratory with the absence of CDK activity, makes the chromatin
44 Lincoln's Inn Fields permissive for DNA replication, and the second, associ-
London WC2A 3PX UK ated with the presence of CDK activity, leads to the
initiation of DNA replication.
There are a number of overall S-phase controls which An interesting consequence of this two step model is
regulate the initiation of DNA replication and couple that it can explain not only why there is only one S-phase
this process to progression through the cell cycle. One per cell cycle but also why a particular DNA segment is
ensures that there is only one S-phase in each cell cycle, only replicated once during each S-phase. If onset of
and as a consequence of this control only G1 cells are S-phase requires first a period when CDK activity is
able to initiate DNA replication. A second guarantees absent to make chromatin permissive, which is then
that each DNA segment making up the genome repli- followed by a period of CDK activity to initiate replica-
cates only once during each S-phase. These two con- tion, then once initiation has occurred, that region of
trols contribute to the maintenance of genome integrity the chromatin cannot be made permissive again until
which is necessary if the two cells formed at the end CDK activity falls. This would not normally occur until
of each cell cycle are to receive a full complement of mitosis has been completed. Therefore the CDK cycle
chromosomes of unchanged ploidy. A third control de- would ensure both that there is only one S-phase per
termines the length of the G1-phase and thus the cell cell cycle and that each DNA segment is only replicated
cycle timing of S-phase. Because in many, although once during each S-phase.
not all cell types, onset of S-phase occurs only after a In complex eukaryotes different CDK complexes act
minimal cell mass is attained, this control ensures that at different times during the cell cycle. However, in bud-
the cytoplasmic mass supported by the genome never ding yeast there is much overlap in function between
becomes too large. Work using a variety of different the different CDK complexes, and in fission yeast it is
systems and approaches has begun to make progress even possible, in certain circumstances, for a single
in understanding these overall S-phase controls. In this CDK complex to drive the whole cell cycle (Fisher and
review we shall briefly outline these different ap- Nurse, 1996). In this case a single CDK appears to initiate
proaches and try to bring them together into a single S-phase, toblock re-replication during G2, and to initiate
model linking the overall S-phase controls to the molec- mitosis. Such a situation may reflect the primitive cell
ular mechanisms regulating the initiation of DNA repli- cycle found in ancient eukaryotes, where gradually in-
cation. creasing activity of a single CDK might have been re-
The Importance of the CDK Cycle sponsible for an orderly progression through the various
It is well established that the cyclin dependent kinases
events of the cell cycle.
(CDKs), consisting of a protein kinase catalytic subunit
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and an activating cyclin subunit, are required at different
How can changes in CDK activity control DNA replica-
stages of the cell cycle (reviewed in Morgan, 1995; Nigg,
tion? An important clue comes from the licensing model1995). Different CDK subunit complexes act at various
which postulates that a replication factor present in G1points in the cell cycle, including the G1 to S-phase
is destroyed as DNA replication is initiated and can only(G1/S) and the G2 to mitosis (G2/M) transitions. In both
access chromatin duringmitosis when the nuclearmem-yeast and Metazoan cells activation of G1/S CDKs can
brane is disassembled (Blow and Laskey, 1988). Pro-shorten G1, indicating an important role for the CDKs
teins belonging to the MCM family have been identifiedin determining the timing of S-phase during G1 (Sherr,
as being associated with G1 chromatin which is in a1994).Unexpectedly, theG2/M CDK has also beenfound
permissive state for replication, and absent from G2to have an additional role in preventing S-phase during
chromatin which cannot normally replicate. Although inthe G2 phase. In fission yeast removal of the G2/M CDK
Metazoan cells these proteins do not disappear from thep34cdc2, either by deleting the gene encoding the major
nucleus during G2 as originally proposed in the licensingG2/M cyclin or by overexpressing a G2/M CDK inhibitor,
model, the cyclic changes in association with chromatininduces successive rounds of DNA replication without
could contribute to licensing, given that MCM proteinsintervening mitoses (Hayles et al., 1994; Fisher and
are required for DNA replication to take place (see CoueÂNurse, 1996 and references therein). Work with budding
et al., 1996 for references). Interestingly, a feature ofyeast, Metazoan, and plant cells support this conclusion
these proteins is that they are hypophosphorylated in(Dahman et al., 1995; Grafi and Larkins, 1995: Datta et
G1 and become phosphorylated during S-phase. In theal., 1996), and lead to a model where the loss of the G2/
case of the Xenopus MCM protein Xcdc21, the proteinM CDK activity at the end of mitosis resets the chromatin
becomes phosphorylated during S-phase and hyper-to a state which is permissive for DNA replication. Later
phosphorylated during mitosis, and this phosphoryla-in G1, when G1/S CDK activity appears, DNA replication
tion may be due to the cdc2 G2/M CDK (CoueÂ et al.,is then initiated. Folowing the onset of S phase, G2/M
1995). The changes in phosphorylation are correlatedCDK activity begins to accumulate and prevents the re-
with changes in MCM affinity for chromatin, providinginitiation of DNA replication by putting the chromatin
a potential link betwen the CDK cycle and licensing.into a nonpermissive state. Only when mitosis is com-
pleted is the chromatin made permissive once again for Other proteins are also important for the control of
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DNA replication. Budding yeast origins of replication are
bound by a complex of six proteins called the origin
recognition complex or ORC (Bell and Stillman, 1992).
Examples of these proteins have been found in more
complex eukaryotes (Gavin et al., 1995; Muzi-Falconi
and Kelly, 1995). ORC proteins are required for the initia-
tion of DNA replication, and are found bound to replica-
tion origins throughout the cell cycle. However, in vivo
footprinting experiments have shown that the protection
pattern becomes extended in cells which have com-
pleted mitosis. It has been postulated that this may be
due to association of additional factors to form a pre-
replicative complex making the chromatin permissive
for DNA replication (Cocker et al., 1996 and references
therein). Obvious candidates for these factors include
the MCM proteins although as yet there is no direct
evidence for this possibility. Therefore these experi-
ments also lead to the idea that there are two steps in
the control over S-phase, the first taking place after
mitosis which leads to the formation of pre-replicative
complexes, and the second occuring later in G1 which
leads to the initiation of DNA replication.
Theformation of pre-replicative complexes in budding
yeast requires the Cdc6 protein (Cocker et al., 1996;
Dahman et al., 1995). Cells lacking the Cdc6 protein are
unable to form the pre-replicative complex and cannot
initiate DNAreplication, whilst geneticexperiments have
implicated the CDC6 gene as rate limiting for origin func-
tion (Liang et al, 1995). The importance of CDC6 in DNA
replication control is further emphasized by the behav-
iour of cdc18, the closest homologue of CDC6 in fission
yeast. Overexpression of cdc18 induces continuous re-
Figure 1. A Model for S-Phase Controlinitiation of DNA synthesis indicating that the cdc18
This speculative model of overall S-phase control shows how theprotein is likely to be rate limiting for initiation (Nishitani
different components controlling the initiation of S phase might beand Nurse, 1995). Consistent with this idea is the fact
regulated during the cell cycle. After mitosis the fall in CDK activitythat both the Cdc6 and cdc18 proteins oscillate in level
allows MCM proteins and perhaps other components (red spheres)during the cell cycle peaking at G1/S. Thus cdc18 over-
to interact with the ORC complex (blue ellipse) attached to origins
expression might lead to the unscheduled assembly of of replication. Formation of this pre-replicative complex requires
preinitiation complexes, allowing re-initiation of DNA the association of the Cdc6/cdc18 class of proteins (green ellipse).
replication. At the end of G1, the rise in CDK activity activates DNA replication.
Following activation of the replicative complex,a specificproteolyticA further link between cdc18, ORC, and cdc2 has
machinery (requiring CDC16 and CDC27) degrades the Cdc6/cdc18emerged from a two hybrid screen for proteins that bind
class of proteins, irreversibly inactivating the previously active repli-the cdc2 protein kinase (Leatherwood et al., 1996). This
cative complex. The phosphorylated MCMs are unable to interactscreen revealed that p34cdc2 could interact with the
with the ORC complex. At the end of mitosis, the drop in CDK
cdc18 and orp2 proteins, the latter being a fission yeast activity and the accumulation of Cdc6/cdc18 class of proteins allows
homologue of the budding yeast Orc2. These potential the initiation process to start again.
interactions were confirmed in vivo in fission yeast cells
using a GST-orp2 fusion protein which was found asso-
in G1 the actual initiation of DNA replication is broughtciated with p34cdc2 and p65cdc18. Genetic and biochemical
about by a rise in CDK activity, perhaps due to a physi-evidence from parallel studies in the budding yeast sug-
cally associated CDK, activating the replication com-gest that ORC interacts similarly with the Cdc6 protein
plex; this is step two in the control. The general rise(Liang et al., 1995). These data indicate that there may be
in CDK activity during and after S-phase blocks thea physical association between the Cdc6/cdc18 class
formation of any further pre-replication complexes pre-of proteins, the ORC complex and the p34cdc2 protein
venting any origin from being used twice in a single cellkinase.
cycle. During S-phase and G2, the CDK activity presentA Model for S-phase Control
prevents unbound MCM proteins and perhaps otherThese various observations can be brought together
components from becoming associated with origins.into the following speculative model of overall S-phase
After mitosis the fall in CDK allows these proteins tocontrol (Figure 1). After mitosis the fall in CDK activity
associate with the ORC resulting in the initiation processallows the MCM proteins and perhaps other compo-
starting again.nents to become associated with the ORC attached to
If G2/M CDK activity is reduced artificially after Sorigins of replication. Formation of this pre-replicative
phase has started, then the inhibitory phosphorylationcomplex also requires the Cdc6/cdc18 class of protein
is lost allowing pre-replicative complexes to reformwhich may also be associated with the ORC. This is
step one in the control acting over S-phase onset. Later (Dahman et al., 1995). Similarly, overexpressing cdc18
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may drive the formation of pre-replicative complexes; changes in proteolysis during the cell cycle. For exam-
ple, is the proteolytic machinery degrading proteins atthe elevated levels of p65cdc18 may overwhelm the inhibi-
tory phosphorylation due to the G2/M CDK. In both situ- the end of mitosis similar to that acting at S-phase, or
is specificity introduced by particular components ofations the formation of pre-replicative complexes in an
unscheduled fashion could lead to the observed re-initi- the machinery? However, it is clear that changes both
in CDK phosphorylation and in proteolysis are importantation of DNA replication.
A Role For Proteolysis for cell cycle progression. Exit from mitosis requires
both CDK inactivation and activation of specific proteol-The above model explains how reformation of initiation
complexes is prevented by CDK activity. However, it ysis, whilst entry into S-phase requires initially CDK inac-
tivation followed by CDK activation. From the work re-does not explain how activated replication complexes
bound to the DNA are inactivated once they have com- viewed here it seems likely that exit from S-phase will
require both continued CDK activity and further specificpleted replication. Although the ORC proteins them-
selves remain constant in level during the cell cycle, the proteolysis. The process of phosphorylation and prote-
olysis both provide rapid mechanisms for changing theCdc6/cdc18 class of protein drops in level towards the
end of S-phase. This drop in protein level may explain state of a cell. Phosphorylation changes are reversible
allowing protein substrates to be conserved whichwhy mutants altered in genes involved in proteolysis
have recently been implicated in the control preventing makes this an economical process. Specific proteolysis
is obviously more wasteful but if it is confined to just are-replication of DNA (Heichman and Roberts, 1996).
In a screen for budding yeastmutants that accumulate few key substrates, it has the advantage of providing a
very definite on/off switch. There may be control advan-excess DNA, temperature sensitive mutants were iso-
lated that accumulate a greater than normal DNA con- tages to the cell in using a combination of both mecha-
nisms. Changes in phosphorylation would provide antent. Two of these mutants provedto be alleles of CDC16
and CDC27, which encode proteins making up the com- economical control which could regulate many of the
components involved, whilst specific proteolysis of keyplex involved in ubiquitin-mediated proteolysis (re-
viewed in Murray, 1995). This is a multi-step process components would provide an irreversible commitment
to beginning or ending a process. It seems likely that theresulting in ubiquitination of the protein substrate tar-
geting it for degradation by the proteasome complex. overall control of S-phase is going to involve changes in
both CDK dependent phosphorylation and cell cycleAlthough ubiquitination is important in the degradation
of many proteins, it is also involved more specifically in specific proteolysis. Improved understanding of the mo-
lecular mechanisms underlying the control of DNA repli-the degradation of key cell cycle proteins. It has been
clearly implicated in theexit of mitosis,both for degrada- cation should illuminate more specifically how both
phosphorylation and proteolysis bring about their regu-tion of the G2/M CDK and of molecules postulated to
hold sister chromatids together (see Murray, 1995 for latory effects over S-phase.
references).
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Much remains to be tested to link the CDK cycle with
